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This study is focussed on the uptake and use of NO 3 -as it is the predominant form of N in 62 most high-input agricultural soils (Wolt, 1994; Miller et al., 2007) . Plant NO 3 -uptake 63 generally involves two types of transport systems, one involving high-affinity (HATS) and 64 another low-affinity (LATS) transporters (Glass, 2003) . In Arabidopsis, four NO 3 -65 transporters have been linked to NO 3 -uptake from the soil: NRT1.1 and NRT1.2 from the 66 LATS class, and NRT2.1 and NRT2.2 from the HATS (Tsay et al., 2007) . NRT 1.1 (Chl1) is 67 unique among these in that it displays dual-affinity towards nitrate depending upon its 68 phosphorylation status (Liu et al., 1999) . Although we now have some fundamental 69 knowledge of the functionality of these transporters, our understanding of their roles and of 70 the regulation of NO 3 -uptake remains limited. 71
Certain aspects of the regulation of the Arabidopsis uptake system have been extensively 72 examined. For example, the NO 3 -uptake capacity of the HATS shows strong induction when 73 plants are exposed to NO 3 -after a period of N starvation and uptake capacity is repressed 74 following a period of sufficient NO Okamoto et al., 2003) . Redinbaugh and Campbell (1993) the pattern of NRT2 repression observed in roots exposed to sufficient N would seem to limit 92 their relative importance to steady-state NO 3 -uptake in N rich soils. Given this evidence it 93 has been proposed that the LATS system is most likely responsible for the majority of NO 3 -94 uptake from the soil (Glass, 2003 (Johnson et al., 1957) containing either (in mM) 0.5 NO 3 -N, 0.8 124 K, 0.1 Ca, 0.5 Mg, 1 S, and 0.5 P for the 0.5 mM NO 3 -treatment or (in mM): 2.5 NO 3 -N, 1.8 125 K, 0.6 Ca, 0.5 Mg, 0.5 S, and 0.5 P for the 2.5 mM NO 3 -treatment. pH was maintained between 5.9 and 6.1. NO 3 -was monitored using a NO 3 -electrode (TPS,  132 Springwood, Australia) and maintained at the target concentration ± 10%. Other nutrients 133 were monitored using an inductively coupled plasma optical emission spectrometer (ICP-134 OES: ARL 3580 B, ARL, Lausanne, Switzerland) and showed limited depletion between 135 solution changes. Nutrient solutions were changed every 20 days. 136
Flux measurement 137
On sampling days, between 1100 and 1300 h, plants were transferred to a controlled 138 environment room with conditions matching growth conditions (light, temperature and 139 relative humidity) and into solutions matching growth solutions. The roots were then given a 140 5-minute rinse with the same nutrient solution but with either 50 or 250 µM NO 3 -, followed 141 by 10 minute exposure to the same solution but with 15 N labelled NO 3 -( 15 N 10%). In 142 preliminary experiments, flux measured at 50 and 250 µM NO 3 -was found to be before (50 143 µM) and at the point of saturation (250 µM) of the HATS uptake system. At the end of the7 flux period roots were rinsed for 2 minutes in matching but unlabelled solution. Two identical 145 solutions were used for this rinse to allow an initial 5 second rinse to remove labelled solution 146 adhering to the root surface. The flux timing was based on that used by Kronzucker et. al 147 (1995) and chosen to minimise any possible efflux or transport to the shoot. 148 Roots were blotted, and then roots and separated shoots weighed and then dried at 65°C for 7 149 days after which the roots were ground to a fine powder (Clarkson et al., 1996) . Total N and 150 15 N in the plant samples were determined with an isotope ratio mass spectrometer (Sercon, 151
Cheshire, UK). Unidirectional NO 3 -influx was calculated based on 15 N content of the root. 152
The unidirectional NO 3 -influx measured in this study is described as the uptake capacity of 153 the plant at that point in the lifecycle. 154
Quantitative real time PCR 155
On sampling days root material was harvested between 5 and 7 hours after the start of the 156 light period. The whole root was excised and snap-frozen in liquid nitrogen and stored at -157 80°C. RNA was extracted using the RNeasy Plant Mini Kit with on-column DNase treatment 158 (Qiagen, Hilden, Germany) according to the manufacturer's instructions before RNA 159 integrity was checked on a 1.2% (w/v) agarose gel. cDNA synthesis was performed on 1 µg 160 of total RNA with oligo(dT) 19 verified by sequencing, agarose gel electrophoresis and melt-curve analysis to confirm a 170 single PCR product was being amplified. All primer sequences and Q-PCR product 171 information for control genes and NRT transporter genes can be found in Supporting 172
Information Table S1 . 173
Nitrate determination 174
Tissue NO 3 -content was determined via a previous method (Braun-SysteMatic, 175
Methodenblatt N 60; (Rayment & Higginson, 1992 
Statistical analyses 197
Statistical analysis of biomass, flux and metabolite data was carried out using two-way 198 analysis of variance (ANOVA). Data followed a normal distribution. Means of grain yield 199 were tested for significance using a two-tailed t-test. The time course was repeated twice 200 (flux analysis and transcript levels) with similar results. 201
RESULTS

202
Biomass 203
As expected, under our steady-state hydroponic conditions, we observed no difference in 204 either total root or shoot biomass when plants were grown in nutrient solution containing 205 either reduced (0.5 mM) or adequate (2.5 mM) concentrations of NO 3 - (Fig. 1a,b , 206 respectively). With both NO 3 -treatments, there was a considerable drop in the root to shoot 207 ratio over the first 18 days after emergence (DAE), highlighting the rapid shoot growth of the 208 plants in the early vegetative period (Figure 1c) . However, our treatments did impact upon 209 the N content between 0.5 and 2.5 mM grown plants (Fig. 1d) (Fig. 1d) . There was no significant difference in final 218 grain yields (grain DW (g), mean ± SEM: 0.5 mM, 1.85 ± 0.38 (n=12); 2.5 mM, 1.80 ± 0.24 219 (n=8)). The plants at each of the growth stages can be seen in Supporting Information to flowering (26 DAE). The reduction in uptake capacity between these two peaks (22 DAE) 229 was considerable when measured at 50 µM (~ 20% of the peak value). Aside from the two 230 peaks and the intervening drop, NO 3 -uptake capacity decreased continually from 15 DAE. 231 HATS uptake capacity of the 0.5 mM NO 3 -grown plants across most of the life cycle was 232 generally higher than the 2.5 mM grown plants (~50% at 50 µM and ~40% at 250 µM). This 233 was particularly evident during the early vegetative period of growth (up to 18 DAE) where 234 NO 3 -uptake capacity measured in 50 µM was significantly enhanced in the plants grown at 235 low external NO 3 -concentrations (Fig. 2a) . However, when averaged across the life cycle, 236 the NO 3 -fluxes measured at 250 µM were approximately 20% higher than those measured at 237 50 µM. 238
Nitrogen uptake 239
To better understand the relationship between growth and N uptake, shoot and root growth, 240 together with tissue N was used to calculate N uptake over the lifecycle. As there was no 241 difference between treatments for root or shoot biomass, the data were pooled for model 242 fitting irrespective of the treatments. The initial shoot growth rate was much higher than the 243 root growth rate and a modified exponential function was required to describe the apparent 244 change in the shoot growth rate early after germination whilst the root data was accurately 245 fitted with an exponential function ( capacity observed by the roots (Fig. 2, 3 ) is a response to meet plant demand for N. Between 266 10 and 20 DAE, the overall shoot growth rate drops by more than 75% reaching a final value 267 of 0.0032 hr -1 . The reduction in shoot growth reduces overall plant demand for N, which is 268 correlated with the observed decrease in measured NO 3 -uptake capacity beginning from 13 269 DAE. Similarly for the second peak ( However, up-regulation is reduced relative to that of the first peak (Fig. 3 ). During this 274 period, N concentrations in the shoot decreases from 3.9 mmol gDW -1 at 15 DAE to 2.5 275 mmol gDW -1 at 40 DAE. 276
The NO 3 -HATS uptake capacity in the 0.5 mM grown plants was remarkably similar to the 277 net N uptake rate as calculated from plant N content (Fig. 3) , suggesting there was little 278 overall LATS input. However, in the 2.5 mM treatment the uptake capacity of the HATS was 279 approximately 50% of the actual uptake rate and, given the NO 3 -concentration of this 280 treatment, this suggests there is significant LATS contribution to the net NO 3 -uptake under 281 these conditions. This is supported by our data from experiments in which LATS capacity 282 was measured at 1 mM and 4 mM and was found to be 30% and 100% of the HATS uptake 283 capacity (0-20 DAE), respectively (Supporting information Fig. S4 ). This indicates that 284 LATS uptake capacity measured at 2.5 mM would be close to our estimation of 50%. 285
To further distinguish between developmental and nitrogen responses, a subset of plants were 286 subjected to a change in NO 3 -concentration. At day 15, plants were moved from 0.5 mM to 287 2.5 mM NO 3 -(N-inc) and likewise plants moved from 2.5 mM to 0.5 mM (N-red), a process 288 repeated also at day 22. When NO 3 -flux capacity was first measured, 3 days after changing 289 NO 3 -concentrations, at both day 15 and day 22, N-red treatments, led to a substantial 290 increase in NO 3 -flux capacity (Fig. 4) . In N-red treatments at day 15, the initial doubling in 291 uptake capacity relative to plants maintained at 2.5 mM NO 3 -was nonetheless followed by 292 the reduction in uptake capacity at day 22 observed in plants with constant NO 3 -293 concentration. Following the day 22 dip, the uptake capacity returned to a level higher than 294 those plants kept at 2.5 mM NO 3 -. N-red treatments at day 22 showed a dramatic increase in 295 uptake capacity at day 25. N-inc treatments (plants moved from 0.5 mM to 2.5 mM NO 3 -) had 296 approximately half the uptake capacity of plants kept at 0.5 mM and this was maintained till 297 day 40 (Fig. 4) . 298
Developmental and nutritional changes to NRTtranscript levels 299
The recent completion of the maize genome sequence provided the opportunity to complete a 300 rigorous survey of cereal homologues to the Arabidopsis NRT genes (Plett et al., 2010) , and 301 the naming conventions put forward in that paper are used here. There are currently four NRT 302 genes thought to be involved in root NO 3 -uptake in Arabidopsis (Tsay et al., 2007) . 303
However, given the dichotomy between the Arabidopsis NRTs and the cereal NRTs identifiedrelevant maize NRT1, NRT2 and NRT3(NAR2) orthologues of all the known Arabidopsis 306
NRTs on plants grown at either 0.5 or 2.5 mM NO 3 -. 307
At the whole root level, transcript levels of the putative HATS genes ZmNRT2.1 and 308
ZmNRT2.2 were significantly more represented in the total RNA pool than those of the other 309 NRT2 or NRT1 genes examined (Fig. 5, Supporting information Fig. S5 ). This may represent 310 either simple differences in RNA and/or protein stability between the classes of transport 311 proteins but may instead reflect defined roles with respect to NO 3 -transport (Fig. 4) . This 312 latter point is suggested by the expression pattern of ZmNRT2.1 and ZmNRT2.2 across the 313 lifecycle where transcript responses showed remarkable similarity to the patterns observed in 314 the uptake measurements ( ZmNRT2.2 transcript levels were found to be higher in the roots of plants grown at 0.5 mM 316 NO 3 -than those grown at 2.5 mM, indicating a N-dependent response; this contrasts with 317 most other NRT genes where differences in N availability had less of an impact. 318
Notwithstanding the variation in transcript levels of ZmNRT2.1 and ZmNRT2.2 across the 319 lifecycle and the N treatments, the baseline transcript levels from which they varied were also 320 very high, being 200 to 300-fold higher than the other NRT2 or NRT1 transporters 321 (ZmNRT1.1B) (Fig. 5) . Across the lifecycle this baseline showed a reduction for both 322 transporters but was far more pronounced for ZmNRT2.1. As regards the other NRT2s, 323
ZmNRT2.3 showed much lower transcript levels and although there were similar fluctuations 324 across the lifecycle there were no clear differences between N treatments. ZmNRT2.5 325 expression was only detectable in the plants grown in the reduced NO 3 -treatment, with 326 significant variation across the lifecycle.
ZmNRT2.1 and ZmNRT2.2 and did not show the same pattern of variation over the lifecycle 329 as the ZmNRT2s (Fig. 5) . Both ZmNRT1.1A and ZmNRT1.1B showed a peak commencing at 330 13 DAE coinciding with the ZmNRT2 peak. ZmNRT1.2 showed very low transcript levels 331 until 34 DAE from where these increased 10-fold. Apart from ZmNRT1.5A, there were no 332 consistent differences in transcript levels of the NRT1s that corresponded to treatment 333 differences in either growth or uptake capacity. ZmNRT1.5A transcript levels were higher in 334 0.5 mM NO The transcript levels of ZmNRT3.1A were 20 to 100-fold lower than for ZmNRT2.1 and 338
ZmNRT2.2 respectively, but showed the same increase in transcript abundance at 18 and 28 339 DAE (Fig. 5e) . ZmNRT3.1A differs in that it also has a third large peak just before 40 DAE. 340
This third peak showed little difference between the two NO 3 -treatments. The profile of 341 ZmNRT3.2 was more similar to those of ZmNRT2.1/2.2 but levels were much lower and there 342 were no treatment differences. Transcript levels of ZmNRT3.1B were very low (Supporting 343 Information Fig. S5) . 344
As was seen with plants maintained at constant concentrations, when plants were swapped 345 between NO 3 -treatments at days 15 and 22 the genes that showed greatest response to 346 nitrogen were ZmNRT2.1, ZmNRT2.2, ZmNRT2.5, and ZmNRT1.5a (Fig. 6, Supporting  347 information The transcript profiles of these N responsive genes was interesting in that, immediately after 351 transfer to reduced NO 3 -, transcript levels continued on with the same trend as with before 352 the change in NO 3 -, i.e. they kept decreasing, whilst at the same time there was a doubling in 353 uptake capacity (Fig. 4b and 6 ). In contrast, ZmNRT2.1, ZmNRT2.2, ZmNRT2.5, and 354
ZmNRT1.5A all showed a peak in transcript at day 25, a peak only previously seen in 355 -in the 0.5 mM treatment was higher than the 2.5 mM treatment at 29 and 34 DAE. For 365 both treatments leaf NO 3 -concentrations prior to anthesis remained high but then dropped 366 dramatically after 28 DAE (Fig. 7) . There was a more consistent trend in root NO 3 -with 2.5 367 mM treated roots often having higher levels than those exposed to 0.5 mM NO 3 -. Over time, 368 the root trends was similar between treatments in that at 20 DAE there was a doubling of root 369 NO 3 -in both treatments and by 29 DAE both treatments showed a major drop in root NO 3 -. In 370 the 0.5 mM grown plants there was a major spike in root NO 3 -at day 39, a peak also seen in 371 leaf NO 3 - (Fig. 7) .
Amino acids 373
The free amino acid levels showed similar trends in the two NO 3 -treatments (Fig. 8) . Apart 374 from the first measurement, where free amino acids in the shoots were very low, root amino 375 acid levels were consistently lower than shoot levels and this difference became greater after 376 day 30 when shoot level increased but root levels remained the same. For the roots, there was 377 an initial decrease followed by a peak at 20 DAE, which was common to both treatments. In -uptake capacity, with a general trend towards decreased NO 3 -uptake capacity 384 as plants grew to maturity, but which were correlated with plant N demand ( Fig. 2 and 3) . 385
There is also clear evidence that NO 3 -uptake responded positively to reduced N supply, with 386 increased NO 3 -uptake capacity in the lower N treatment (Fig. 2) and changes in NO 3 -uptake capacity ( Fig. 1 and 3) . In both treatments we showed that NO 3 -402 uptake capacity increased with peaks in shoot growth and consequently N demand but also 403 decreased rapidly when shoot growth decreased creating a characteristic trough in NO 3 -404 uptake capacity ( Fig. 1 and 3) . We propose that during this period, the plants grown in 0.5 405 mM NO 3 -were responding to N-limitation and it was plasticity in NO 3 -uptake capacity 406 (HATS) that allowed sufficient N uptake to match the growth rate of the plants grown in 2. when soil solution concentrations are low, well below the consistent 0.5 mM or 2.5 mMlevels used here. However, the high abundance of ZmNRT2.1 and ZmNRT2.2 transcripts, 440 independent of external N supply suggests alternate roles for these gene products. 441
The high level of transcripts of the two putative HATS transporters (ZmNRT2.1 and 442
ZmNRT2.2) contrasts with the low transcript levels observed for the putative NO 3 -LATS 443 transporters, the ZmNRT1s, across the life cycle. Despite differences in the abundance of 444 LATS and HATS transcripts, there were some parallels in the expression patterns particularly 445 during the initial peak in NO 3 -uptake capacity ( As presented in Figure 9 , this model predicts that, up until day 15, the NO 3 -uptake capacity 486 was equal to the potential uptake capacity, after which the actual uptake capacity as measured 487 then reduced and became less than the potential uptake capacity. At day 22 the measured 488 uptake capacity increased through the utilisation of the potential uptake capacity without a 489 transcriptional response. This changed at day 27 where, based on our model, the NRT2 490 protein levels were not enough to provide the required uptake capacity, this leading to the 491 transcriptional peak observed at day 29. In terms of the plants moved from 2.5 mM to 0.5 492 mM NO 3 -at day 15, the initial increase in uptake capacity seen at day 18 in Figure 4b (and 493 Fig 9b) would be due to a release of post-translational inhibition, hence the increased uptake 494 capacity without a comparable increase in transcript levels ( Given the major drop in transcript levels beginning at day 18 until day 22, it may be that the 508 trigger for the transcriptional response is the root amino acid/ NO 3 -levels which increase and 509 come to a peak at day 22 ( Fig. 7 and 8) . The decrease in uptake capacity beginning at day 15, 510 which we propose is due to an increase in post-translation inhibition, could be triggered by 511 shoot amino acid/ NO 3 -levels which peak at this point. 512
NUE increased through increased uptake capacity with reduced N availability 513
The results provide clear evidence that NO 3 -uptake capacity in maize changes dynamically 514 across the developmental growth cycle in maize in response to changes in demand. 
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